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PART 1 

INTRODUCTION 

Why do bearings fail? Machinery may run quietly for a long 

time and then suddenly the bearing may become noisy or seize. Examin- 

ation will then show scoring of the surfaces and the lubricant will be 

contaminated. This catastropic failure phenomenon is generally called 

scuffing although experts differ in their terminology. Although much 

work has been done on scuffing, the basics are still not understood: 

What fails first, the lubricant or the surfaces? Is pressure,temper- 

ture or speed the determining factor? How is the chemistry of the 

bearing system involved. 

Most experts agree that scuffing requires a high flash 

temperature. By this they mean a sudden increase in temperature 

produced by direct metal-to-metal contact. The lubricant should 

minimize such contacts. The selection of the lubricant is usually 

made primarily on the basis of viscosity as measured under ambient 

conditions. One reason for the work of this report was to determine 

the changes of viscosity of lubricant additive packages under oper- 

ating conditions. The procedure involved primarily infrared emission 

spectrophotometry of an operating mock bearing. Infrared spectroscopy 

is a powerful technique which is sensitive to the thermal motions with- 

in molecular and crystal entities. In fact, it determines the mechan- 

ical modes of vibration of the atoms. These modes portray the struc- 

ture and alignment of the molecules. Resonances with polarized infra- 

red radiation are indicative of preferred molecular directions. 

In this work, molecular alignment of the lubricant in a 

bearing contact was found to vary with shear rate in a rather direct 



way, so that the alignment is almost certainly caused by fluid flow 

and not, for example, by adsorption on bearing surfaces. Molecular 

alignment is associated with a lowering of viscosity. The additive 

studied--or contaminant --1,1,2-trichloroethane increased the align- 

ment even when present in small concentration. The reason for this 

behavior could be adsorption on the surfaces or a bulk effect. Sub- 

stitution of the steel ball surfaces by a titanium-nitride surface 

and other tests on the fluid showed that both a bulk and a surface 

effect were playing a role. Furthermore, no scuffing was ever ob- 

served with titanium nitride-coated surfaces--a very definite and 

concrete result of this study. 

The infrared analysis of the very thin films (typically 

about lOOO!L thick) of lubricants is not essentially different from 

the analysis of deposits on aircraft fuel lines. There the problem 

is not scuffing but reduction of heat transfer as deposits are formed. 

The most interesting result was the effect of rapid oxidation of 

deposits already formed--apparently the polymerized material became 

more amorphous and therefore more tacky. 

For all this work significantly new apparatus had to be 

designed and built. Changes of existing computer program packages 

were also made. This work, which will be discussed in some detail 

in the body of this report, already resulted in three publications 

[Ill, 1121, [13] and three presentations at technical society meet- 

ings. 

Mr. Frank H. Choi provided the data on traction and film 

thickness; Mr. Peter Frauenknecht assisted with the computer programs; 

and Mr. James Kloiber constructed the thermostatted circulation system. 
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Mr. James Szappanos and Dr. David Kaneshiro of Janos Optical Company in 

Townstend, Vermont worked with,us trying to solve the beamsplitter 

problems. Mr. Braedle of SKF-Switzerland donated the bearing balls which 

Drs. Hinterman and Boving of Laboratoire Suisse coated for us with 

titanium nitride. Dr. E.G. Brame and Mr. A. Boyd of the duPont Company 

made an RllC-FS-720 Fourier spectrophotometer available to us. 

This work was also supported by a grant from the Air Force 

Office of Scientific Research (AFOSR-78-3473). 



PART 2 

BACKGROUND 

The practical problems that gave the impetus to the study 

of scuffing in a simulated ball bearing by infrared emission Fourier 

microspectrophotometry was the frequent failure of helicopter trans- 

missions soon after an overhaul. The problems were assumed to be 

due to the cleaning of the parts with organic chlorides prior to an 

overhaul. The work was started in the early 70's at Sun Oil Com- 

pany at Marcus Hook, Pa, [14], [15] and later continued by V.W. 

King [2] under the supervision of Dr. J.L. Lauer at R.P.I., Troy, 

N.Y. This report is the temporary conclusion of this work. 

The geometry of a simulated ball bearing, i.e. a bearing 

ball sliding on a plate, allows only one window in the contact. 

Since the transmission of infrared radiation is not possible in 

this arrangement, reflective techniques would be required for the 

operation of an absorption instrument. Because of the small size 

of the area of interest, (the Hertzian area) and the ease of use, 

emission spectroscopy was chosen. 

Low and Coleman [16] recognized that the energy limita- 

tions imposed by just moderately heated sources can be overcome by 

Fourier interferometry. With the significantly larger signal to 

noise ratio of a Fourier emission interferometer over a dispersion 

instrument at comparable speed and resolution they were able to mea- 

sure the spectra of silicone grease, oleic acid and other materials 



deposited on aluminium and heated to about 40°C (detector at ambient). 

A quantitative comparison of these two types of interferometer is given 

in Part 3. 

In his doctoral thesis [Z] V.W. King found besides a temper- 

ature gradient, oriented molecules of the lubricant in a simulated 

EHD (Elasto-%dro*namic) ball/plate contact. For the continuation - 

of the studies he recommended the introduction of a rotating polarizer-- 

a device taking optically the spectral difference of two directions 

perpendicular to each other and therefore eliminating the randomly 

oriented background-- as a desirable increase in spectral con- 

trast (baseline emission bandstrength to background ratio). Since 

the operation of the installed blackbody temperature reference and 

the alignment of the instrument itself --a FS720 RIIC Beckman absorption 

instrument converted to an emission instrument--required a lot of skill 

and luck, it was decided to build a new and easily alignable emission 

module for the basic commercial instrument. The new module comprises 

the mechanics for a rotating polarizer, a blackbody reference adjust- 

able in temperature and flux, a mirror holder and a chopper. For a 

further increase in resolution and sensitivity, provision for the 

attachment of a new microscope lens with higher magnification (36X 

instead of 15X) and a larger numerical aperture (.50 instead of .28) 

had to be made. 

During initial testing it became obvious that with the improved 

spectral contrast, sensitivity and resolution, the instrument is well 

suited for the analysis of deposits adsorbed on metallic surfaces, which 



are often polarized because of preferred directions during deposition. 

Besides the studies of lubricants in an EXD contact, work was done 

analyzing static samples, i.e. deposits on aircraft fuel lines. The 

common instrument for both studies explains why two apparently 

different subjects are treated in this report, namely the alignment 

of fluid molecules in an EXD contact and the analysis of aircraft 

fuel line deposits. 

2.1 Physical and Chemical Problems of an END Contact 

The state of the lubricant in an EHD contact is still 

largely unknown. Is the lubricant a liquid or a glass or a compos- 

ite? What is the special property of torque-transmitting (traction) 

fluids? Winer et al. [7] modeled them as glasses of relatively high 

yield stress in the Hertzian contact region. Winer calculated the 

observed traction coefficients from them-- a remarkable achievement. 

However, he did not attempt to correlate the chemical structure and 

physical properties of these fluids with their behavior in concen- 

trated contacts. An almost linear relationship has been shown between 

traction coefficient and traction fluid concentration for traction/ 

ester lubricant solutions. On the other hand, sharp decreases of 

traction occur for small concentrations of some additives such as 

organic chlorides. A large effect of small concentrations of addi- 

tives would require a mechanism by which these additives are concen- 

trated in the contact region, such as adsorption on the bounding sur- 

faces. On the other hand, effects proportional to concentration would 

seem to be bulk effects. Polyphenyl ether also has torque-transmitting 

properties and has been studied by many investigators because of its 
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very high temperature stability. This fluid has been described as 

viscoelastic, plastic, or glassy. 

The behavior of boundary additives in lubricants has been 

generally accounted for by surface adsorption in the Hardy and Bowden- 

Tabor theories. Similar adsorptive behavior would be expected to pre- 

vail under EHD lubrication as well. However, Okabe and Ksnno [181 

showed that the adsorption theories for boundary lubrication were over- 

simplified, for wear prevention continued to improve for solutions of 

squalane containing polar additives as the concentrations were in- 

creased well beyond those required for the formation of monomolecular 

layers. Furthermore, wear prevention did not correspond to measures 

of the adsorptivity of the polar groups so that a mysterious "struc- 

tural property" acquired by the bulk lubricant was invoked. The 

modifications described by Rounds [19] of the susceptibility toward 

additives which was found to result from the presence of certain other 

additives in particular fluids are another example of the failure of 

accounting for concentrations of minor constituents in contacts solely 

by adsorption on the metal surfaces. 

While the emission microspectrophotometer is sensitive 

enough for the general analysis of EHD contact regions, it can not 

be used to analyze a few molecular layers of lubricant additives on 

surfaces in the presence of bulk fluid. Even the addition of the 

differential polarization adapter proved inadequate for this task. 

Yet, the spectral comparison of the influence of a metallic (44OC 

Stainless Steel) with a chemically inert (TiN) ball surface, but 

identical bulk properties, on the fluid together with glass trans- 

ition and temperature measurements, did help to find a bulk fluid 
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effect in the contact region. This goes a long way toward explaining 

the "mysterious structural property" acquired by the bulk fluid as a 

result of the presence of additives. Namely, the additives help change 

the orientation of the bulk fluid molecules, which is produced by the 

high shear rates in EHD contacts. They may do that by initiating separ- 

ation under the high contact pressures and cause two-phase shear flow in 

the contact. The hydrodynamics of the situation would also seem capable 

of providing an additional mechanism to account for an accumulation of 

additive in the contact region. 

This work has led to a new model for EHD and boundary lubri- 

cation in the presence of polar additives. This model is also consis- 

tent with the observation of drastic reductions of traction coefficients 

by small concentrations of polar additives. 

2.2 Deposits on Aircraft Fuel Lines 

Until recently the deposition of carbonaceous fuel residues 

on fuel lines and other surfaces in operating aircraft was a minor 

problem, since mid-distillates from petroleum are generally rather 

clean and thermally stable. In other words, their aromatics, sulfur 

and nitrogen contents are low, and their volatility relatively high. 

However, the supply of these mid-distillates has been shrinking so 

that a relaxation of specifications seems inevitable. 

Griffith [20] recognized during his early work on emission 

spectroscopy, that thick samples--presumably due to a temperature 

gradient-- reduce the spectral contrast drastically. Initially the 

temperature gradient was hoped to be suppressed by mounting an infra- 

red transparent KC& window on top of the sample. Samples with a low 

conductivity still showed inversions in their spectra and required 
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further improvement. With a newly designed heating system the sample 

is heated from two sides by the same temperature source, which also 

heats the blackbody reference. 

Deposit formation was expected to be dependent on temperature 

gradient. A sample would therefore show different deposits at differ- 

ent locations. Reproducible scanning of a sample was achieved by 

mounting the sample holder in a precision x,y,z stage with an oversize 

turntable. 

The spectra of a fuel sample are not easily interpreted. The 

presence of numerous components decreases the spectral contrast and weak 

bands are lost. The use of the polarizer proved to be helpful, because 

it allows the detection of weak bands near a strong band, assuming they 

are differently oriented. 



PART 3 

THEORY 

The origin of infrared emission is treated first. In 

the second section, a model for the alignment of molecules due 

to flow and a description of the evaluation of data from oriented 

material are given. The description of the Michelson interferometer 

explains how infrared radiation is transformed from the time domain 

into the frequency domain for the analysis. Finally a short snal- 

ysis of an EHD contact is given. 

3.1 The Nature of Infrared Emission 

Infrared radiation is electromagnetic in origin and 

therefore caused by an oscillating electric field such as the one 

produced by a change of an electric dipole moment, which is the 

vector between the centers of positive and negative charge. 

3.1.1 Infrared Radiation of Molecules 

Using a mechanical model consisting of mass points and 

springs for a molecule, the modes of vibrations (Figure 3.1) and 

the normal frequencies can be computed [5]. Assuming differences 

in electric charges for neighboring mass points--corresponding to 

the type of binding between atoms (covalent, ionic)--dipole will 

moments exist. However, emission of infrared radiation will only 

take place, if the vibrations produce an alternating electric field; 

i.e. if the vibrations are coupled with a changing dipole moment. 

The frequency of the radiation is identical to the frequency of the 

oscillating dipole. In general, the fundamentals of molecular 
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Figure 3.1 Modes of vibration of CO2 and H20 
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vibrations fall between 4000 cm 
-1* -1 and 400 cm , the principal 

infrared region. 

Since many molecules in the liquid or solid phase will 

always be observed, where the interaction between molecules plays 

an important role, the emission of rotational energy is not 

important. Depending on the environment interaction between 

molecules varies strongly. In extreme cases shifts of the normal 

frequencies occur. 

Absorption of infrared radiation will occur if the 

frequency of the radiation is identical to the natural frequency 

of the molecule. In thermal equilibrium, a molecule absorbs 

and emits the same amount of energy. Therefore, radiation is 

absorbed if radiation of a hot continuum source, e.g. graybody, 

is passed through a dielectric material. On the other hand, 

radiation is emitted if the surroundings, e.g. the detector, is 

cooler. However, a non-isothermal film will partially reabsorb 

emitted radiation within the layer, even in the case of lower 

surrounding temperature. 

3.1.2 Continuum Source or Blackbody Radiation 

According to the well known Planck distribution law, 

the spectral distribution of energy emitted by an ideal blackbody 

is determined solely by the temperature of the radiating element 

* Wavenumber: number of waves per cm. It is proportional to the 
frequency and to the reciprocailof the wavelength measured in 
vacuum. It is expressed in cm . 
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Figure 3.2 The Planck radiation law 

13 



(Figure 3.2). Although a true blackbody is a theoretical concept, 

repeated interaction of electromagnetic radiation, as in a cavity 

of a metallic material of relatively 'low emissivity (2 .4), will 

yield "blackbody" radiation with an emissivity of about 0.98 or 

0.99 [61. 

The maximum of the Planck distribution shifts at higher tempera- 

tures to shorter wavelengths. -1 For 3OO'K the maximum is about 1000 cm . 

This allows measurement of emission spectra of samples slightly above 

room temperature at the maximum energy in the spectral region of our 

instrument. 

3.2 Molecular Alignment 

3.2.1 Flow Orientation of Macromolecules 

The alignment of macromolecules by flow is described 

extensively in the literature [9]. With some restrictions, this 

theory is adaptable to the size of molecules used in this study. 

The similarity of the problems led to the presumption, that even 

relatively small molecules will be oriented by a velocity gradient 

present in nearly any practical flow. 

A shorttreatment of the "necklace model" [lo] to analyze the 

orientation of a macromolecule by flow is given here. The macro- 

molecule, which is assumed to be suspended in a solvent, is 

replaced by an appropriate number of Z links with the length A. 

The extended model has the same length L as the extended macro- 

molecule. 

L=ZeA 

14 
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The vector &, which is important for the description of the practical 

behavior of the macromolecule, is defined by the starting and ending 

point of the macromolecule. If it can be shown that if the distribu- 

tion of the vector h is a function of the flow, then the problem is - 

solved. For the static situation (no flow), statistical analysis 

gives the average of the squared value of the &vector for a polymer 

as a function of link length and number of links. It is therfore a 

circular distribution, independent of angle. 

<h2> = ZA2 (3.2) 

In this model, the different forces due to a velocity gradient in the 

solvent are thought of as acting at the end points of the molecule 

only, instead of forces being distributed continuously over the whole 

length. Thus the model is reduced to an elastic dumbbell, two spheres 

at a distance IhI apart. The "free" end is subjected to three influ- 

ences: it is moved by the flow and by a restressing force (spring- 

like behavior) and pushed by Brownian motion in 

steepest descent of the distribution function. 

nonuniform angular distribution or alignment is 

ing on the velocity gradient of the flow. 

the direction of 

Consequently a 

established depend- 

3.2.2 Evaluation of Spectral Data From Oriented Material .- .~ 

The philosophy of using a polarizer for spectral measure- 

ment is twofold. The data can be used for the analysis of the 

projected angular distribution function, which means the orienta- 

tion of a particular transition moment. Secondly, the polarizer 

can be used to increase the sensitivity and resolution of the 
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microspectrophotometer for the measurement of oriented material. 

The first application applies best to the ball experiment, where 

the sample is known. The second is applied best to the analysis of 

an unknown deposit. 

Only preliminary work has been done on evaluation of the 

data. Further analysis appears in Part 5. In the following sub- 

sections the analysis of the orientation of a transition moment and 

a description of the problems of the calculation of orientation are 

given. 

3.2.2.1 Orientation of a particular transition moment. 

Assume all molecules of a sample to be parallel and oriented in the 

same direction. The relative intensity IB of a transition moment 

in the axis of the molecules plotted against the angle @ between 

the direction of observation and a reference plane, will yield a 

function of the type, 

Ib(0) = IBG(D) + IA(U) l cos2G$ - v> (3.3) 

where IBG is the relative intensity due to the random background 

radiation, IA the relative intensity due to the transition moment 

in the molecular axis and v a phase angle given by the orientation 

of the reference plane. The orientation of the molecule or trans- 

ition moment is given by v = @. In general the angular distribu- 

tion function is more complex than assumed in the previous example. 

16 



The intensity distribution of a particular transition 

moment, as a function of the angle @, is equal to the convolution of 

the angular distribution function in the X,Y, plane with the polarizer 

line shape function. 

A series of spectral measurements with different polarizer 

settings yields the intensity distribution. The instrument line shape 

function of the polarizer is of the cos2 9 type. Knowing this function, 

a deconvolution of the measured intensity distribution is possible. 

The calculation of the spatial function requires a second set of data 

ideally recorded in a plane perpendicular to the first one. 

Attempts to determine the degree of polarization, like the 

normalized standard deviation of IB(o) were not succesful. The method 

for the calculation of the two dimensional angular distribution func- 

tion has not been carried out. 

3.2.2.2 Proposal of a method for the calculation of 

molecular orientation. The observation of oriented material 

will not allow the direction measurements of angles between tran- 

sition moments. The angle seen is always the projected angle. 

Since the structure of the molecule is assumed to be known and 

rigid, the real value of any angle is given. In addition, the 

interpretation of the phase angle has to be done very carefully 

because it gives only the orientation, but not the direction of 

the transition moment. 

17 
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Figure 3.3 Geometrical model for the analysis of molecular orienta- 
tions. e,f,g are three different transition moments of a 
simulated molecule in the directions 5, rl, 5. The coordin- 
ate system of 5, n, 5 is turned by the three Eulerian angles 
[8] 9, 8, x relative to x, y, z. e', f', and g' are the 
measured projections of e, f, and g. 6, o, f3 are the angles 
of orientation of the transition moments. 
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In general, the orientation of a three-dimensional body 

is defined by the Eulerian angles [8]. Therefore, a set of three 

independent (not collinear and not coplanar) transition moments would 

define the orientation of a three dimensional molecule in space. 

Since the experiment tells only the orientation, but not the direction 

of the transition moments, eight solutions are theoretically possible. 

Conditions like flow direction and the spatial interrelationship will 

reduce the number of solutions to one. 

Attempts to solve the problem analytically were made. The 

apparently simple problem yielded a system of nonlinear equations. 

It seems to be easier to solve the problem on a computer using ,-om- 

puter graphics. Rotating a simulated molecule, (Fig. 3.3) consist- 

ing of three transition moments, systematically around the Eulerian 

angles until the projection of the molecule fits best with the max- 

ima of the angular distribution functions will give the solutions. 

A verification of the solutions will yield the correct molecular 

orientation. To make it simple, the bonds of the molecule in 

Figure 3.3 are assumed to be orthogonal. The proposed method will 

also work for a set of nonorthogonal but independent bonds. 

3.3 Michelson Interferometer 

3.3.1 Optical Concept of a Michelson Interferometer 

The optical diagram of a Michelson interferometer is 

shown in Figure 3.4. A Michelson interferometer is a versatile 
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Figure 3.4 Schematic of a Michelson interferometer 



instrument but only the spectral analysis, decomposition of radia- 

tion in its frequencies, will be treated here. Grating and prism 

spectrophotometers will convert radiation optically into intensity 

as a function of frequency. A Michelson interferometer, as any 

Fourier spectrophotometer, superposes the radiation which can then 

be unscrambled mathematically. There are distinct advantages, to 

be explained later, of the second method, which justifies the more 

complex set up. 

The radiation of the source (Figure 3.4) is collected by 

the collimator. In an emission instrument, the sample is the source. 

The beamsplitter ideally transmits 50% and reflects 50% of the incoming 

parallel radiation. Material and film thickness of the beamsplitter 

are chosen according to the wavenumber region of operation. Both 

the reflected and the transmitted radiation will be reflected back 

by a flat mirror, a moveable and a fixed one, to the beamsplitter. 

The two beams, one retarded by the different path length introduced 

by the moveable mirror, will be recombined and focused onto the 

detector. The plot of the signal versus mirror displacement is 

called the interferogram. The wanted spectrum is the Fourier 

transform of this function. A short derivation given later will 

prove the validity of this statement. 

3.3.1.1 General advantages of a Fourier spectrophotometer. 

The detector of a Fourier instrument receives at one time all informa- 

tion from the entire spectral range of a given source whereas a 

conventional grating or prism instrument receives information only 
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within a very narrow spectral region at the time given by the 

observation slit. Therefore the signal detected in a grating 

instrument by the detector is proportional to the time t of the scan 

and inversely proportional to the number of spectral elements given 

by 

"2 - o1 m= 6a (3.4) 

for a spectrum recorded between o2 and al with the resolution 60. 

If the noise is random and independent of signal level 

(assuming a thermal detector), the noise is proportional to 

(y2. The signal to noise ratio of a grating instrument is 

therefore: 

(3.5) 

For a Fourier instrument, the signal is proportional to the 

recording time t and the noise proportional to t 112 . . The signal 

to noise ratio is therefore: 

$1 a t1’2 (3.6) 

This predicts an advantage for the Fourier instrument by a factor 

of m112. The system used for this work yields a factor of m l/2 = 11 

over a grating instrument with the same resolution and scanning time. 

A decrease in resolution, i.e. opening the slit, would 

improve the signal to noise ratio for a grating instrument; whereas 

for a Fourier instrument the resolution is given by the maximum mirror 
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travel and is therefore independent of signal to noise ratio. This 

effect was first described by Fellgett in his thesis and is now 

called the Fellgett advantage. 

The Jacquinot or throughput advantage states that, for 

an ideal Michelson interferometer, the throughput is given by 

the area and the solid angle of the collimator and is constant 

throughout the whole instrument. But for a grating instrument 

the throughput is limited by the area of the entrance slit. 

3.3.1.2 Short derivation of the basic integral. The 

amplitude incident on the beamsplitter is defined by 

E(z,o) = Eo(o) ei(wt - 2'za) (3.7) 

After reflection from and transmission through the beamsplitter, 

the recombined amplitude is 

EC+ z,o> = rtEo(a)[e 
i(wt - 2-frz10) 

+e 
i(wt - 2nz20) 

1 (3.8) 

zl' z2 are the path lengths of the two arms of the interferometer. 

The flux for the spectral range do is (within multiplying constants): 

I$, 5’ 
* 

0) da = E(y, z2,d l E (z,, z2,u) da 

= 21rt12E02[l + cos 2~r (zl - z,>d da (3.9) 

The total flux for any path difference 6 = z1 - z2 is 
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I,(S) = 7 I(6,u) do 
0 

= 21rt21 [TEo2(U) dU + TEo2(U) cos(2~~ud)dul 
0 0 

(3.10) 

The flux for 6 = 0 becomes 

DJ2 IB(o) = 4/rt12 IEo ((5) dU 
0 

(3.11) 

Subtracting half of the flux at 6 = 0 from the flux for any path 

difference gives 

1p> 
O3 2 - + IB(o) = 21rt12 IE, (U) cos(2'~Ud) dU 
0 

(3.12) 

which is the function for the interferogram. 

The cosine transform is defined as 

F(U) = 2 ;f@) cos(2~ub) d6 
0 

f(S) = 2 j&u) cos(21~06) da (3.13) 
0 

The spectrum B(U) is proportional to E o2 (0) using the cosine trans- 

form, equation (3.12) can be rewritten: 

B(u) a Eo2(u) a /[I,(6) - l/2 I,(o)] cos(21~u6) d6 (3.14) 

Interferogram 

The cosine transform of the interferogram is indeed proportional 

to the spectrum. Since the amplitudes interfere coherently for 6 = 0, 

the intensity is proportional to the square of the sum of the ampli- 

tudes of the electric field 
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IR(o) a (E + E)2 = 4E2 

For 6 -t 03 the interference will be incoherent 

IR (m) a E2 + E2 = 2E2 

Therefore 

(3.15) 

(3.16) 

IR(cq = .50 IR(0) (3.17) 

This relationship is used for the control of the alignment. Instead 

of the theoretical value of .5, factors between .3 and .4 were achieved. 

3.3.2 Polarizer 

The polarizer consists of a plate of infrared-transparent 

TRBr + TRI (KRS-5) on which parallel bands of aluminum were vapor- 

deposited .4 urn apart. A so-called wire grating polarizer will 

only work properly if the wavelength is greater than the wire 

spacing. If an incident electromagnetic wave has its electric vector 

parallel to the wires, there will be currents induced in the wires 

and these currents give rise to a reflected wave. This is an ordinary 

metallic reflection. If on the other hand the electric vector is 

perpendicular to the grating, no current can flow between the wires. 

The wave will be transmitted as through a dielectric. 

3.4 EHD Contact 

The standard hydrodynamic theory fails to predict the film 

thickness in highly loaded contacts (high load, low speed). The 

calculated film thickness will be smaller than a typical surface 
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roughness, despite the fact that such highly loaded contacts (gear 

roller) actually work. Hydrodynamic theory does not account for 

the change of lubricant properties and the elastic deformation of 

the bearing material under high pressure. 

Density changes cannot account for a significant 

change in film thickness. However, viscosity depends strongly 

on pressure. An empirical pressure viscosity relationship has 

been established which is sufficiently accurate: 

rl = rl, exp Cap> (3.18) 

where n is the viscosity in [Pa*s] at pressure p and no the atmos- 

pheric viscosity. The unit of ~1, the pressure viscosity coeffi- 

cient, is [Pa -1 1. 

High pressure will be present in highly loaded contacts 

which will lead to a deformation of the bearing material. For a 

small film thickness compared to the deformation, the pressure 

distribution in the gap will be close to the Hertzian distribution 

for a dry contact. 

p = pm Cl- 1: 
2 2 l/2 

/a > (3.19) 

where a is the radius of the contact spot. On the other hand, if 

the load is small and the speed very high the bearing can be assumed 

to be rigid (hydrodynamic theory). 
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3.4.1 Grubin's Theory 

Grubin [7] examined in detail the elastohydrodynamic 

problem. The observation of the formula for the film thickness for 

two cylinders, considering the influence of pressure on viscosity, 

rests on two simplifying assumptions: 

1. The deformed shape of the cylinders will be the same as 

that in a dry contact. 

2. High pressure is developed in the entry region to the 

Hertzian zone. 

The film thickness becomes 

hO 
l u*a) 8111 

- = 1.95 (no 
E,l/ll 

R R7/11 l - p l/11 
Y 

(3.20) 

where E' represents the elastic properties of an equivalent 

cylinder near a rigid plane 

1 
E' = l/2 

( 

1 - u12 

E1 
+ 

1 - u22 

E2 
> 

I (3.21) 

where E and (5 represent the modulus of elasticity and Poisson ratio 

for cylinder 1 and 2, respectively. 

The equivalent radius of the two cylinders is similarly 

11 1 
- = j$ 2 x2 R (3.22) 
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The speed u is given by the average speed of cylinder 1 and 2 

u = $ul + u2> (3.23) 

This gives a very accurate representation of the mean lubricant 

film thickness. Interestingly enough, the influence of speed is 

much stronger than the influence of the load. 
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PART 4 

APPARATUS 

Most parts of the original set-up 121 have been retained. 

The detection of oriented material required the installation of a 

polarizer. For the measurement of aircraft fuel line deposits, the 

necessary increase in resolution and sensitivity was expected to be 

achieved by (i) a lens with a larger numerical aperture and magnifi- 

cation, (ii) a blackbody reference with temperature and aperture 

separately adjustable and (iii) the optional substitution of the 

tuning forks by a rotating polarizer. Therefore the emission module 

of the Michelson interferometer was redesigned and a procedure for 

the proper alignment was developed. 

This part contains a detailed description of the designed 

parts, the possible modes of operation, the initial testing, the 

other apparatus used in this study and the materials used. An over- 

view of the system is given first. 

4.1 Overview of the System 

The apparatus consists of a sample holder, a Michelson 

interferometer with a special inlet system and the necessary 

peripherals (Figure 4.1). 

The radiation from the heated sample is collected by a 

microscopic lens and fed into the Michelson interferometer. 

The interferometer splits the incoming radiation into two 

parts and recombines them after one beam passes through an optical 

29 



HEATED SAMPLE 

POLARIZER 

0 MRROR 

t MOVEABLE\ 

GOLAY DETECTOR 

.L 

1 
1 SUPPLY 1 

I POWER 

4 \ COLLMJTOR /( /BLACKBODY , 

J 

I 

Figure 4.1 

POWER 
4 SUPPLY 

J 1 
LOCK-IN A/D 

- INTERFACE - COMPUTER - 
AMPLIFIER CONVERTER 

El 
Schematic of the infrared emission Fourier microspectrophotometer 



path of variable length. The detector, a pneumatic Golay Cell, 

transduces the filtered infrared radiation into an electrical signal, 

which is amplified by a lock-in amplifier and referenced to the chop- 

ping frequency. The plot of the amplified detector signal versus path 

difference or mirror displacement is called the interferogram and is 

used for control purposes. The actual signal is, after conversion 

into a digital signal, stored on a floppy disk in the computer. The 

Fourier transform of the interferogram yields the wanted spectrum. 

This operation and the plotting of the spectrum are done in a separate 

run on the minicomputer. 

4.2 Newly Designed Parts 

The changes and supplements necessary to transform a 

commercial infrared absorption instrument into an infrared emission 

(Beckmann FS720) Fourier microspectrophotometer are described here. 

The concept of the conversion was taken from [2], which means a 

transformation of the original source module into an emission module. 

Two conversions were actually carried out. The two versions differ 

in the type of box used. The first version installed in the original 

module box had inadequate space. The second box was designed as 

a whole new module. It has more internal space and O-ring sealed 

panels. 

In addition, the beamsplitter holder, the mirror drive and 

*based on a commercial instrument donated by the DuPont Company 
**based on a commercial instrument donated by the Sun Oil Company 
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a sample holder system including a stage were designed, constructed 

and tested. The descriptions of the sample holder and emission module 

refer to the second version with the totally rebuilt module. 

4.2.1 Sample Holder 

Two basically different types of samples can be analyzed 

in the system. The so called "dynamic samples", a simulated ball 

bearing contact [2] for the study of different fluids in the Hert- 

zian area, are briefly mentioned at the end of this part. The 

"static samples", materials of mainly organic nature, which can be 

in the liquid or solid state adsorbed or as a coating on a substrate, 

are treated in this section. 

Emission spectroscopy requires a temperature difference 

between sample and detector. Typically, a temperature difference of 

10 to 15°C is required in our setup for an adequate signal level. To 

avoid reabsorption of the emitted radiation within the sample, it has 

to be at constant temperature. In earlier designs the sample was heated 

from the back and the top was covered by a KCR window. Even with 

these precautions, absorption ooeurred. The new design features shaped 

a heated window. A large water mass is kept at constant temperature 

and is pumped through the heating block and around the window. The 

same temperature source can also be used to generate a graybody refer 

ence radiation at that particular temperature. Several sample holders 

for differently shaped samples have been designed and tested. All of 

these holders can be mounted in a X,Y,Z stage with a large size turn- 

table. 
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4.2.1.1 Sample holders. Three holders were made; a general 

purpose heater, a heater for fuel deposits on shims and a heater for 

fuel deposits on tubes. Figure 4.2 shows a cross-section through 

the general propose heater. The heater for fuel deposits on tubes 

is designed somewhat differently because the geometry of the sample 

prohibits a window. The unheated area was minimized and well pro- 

tected by lips. 

4.2.1.2 Stage. This stage has six degrees of freedon. The 

maximum translation in X direction is 160 mm, in the Y and Z directions 

it is 82 mm. The large turntable of 165 mm inner free diameter can 

be rotated 360" degrees. The other two rotational degrees of freedom 

are for alignment purposes only. The turntable features a fine adjust- 

ment and a blocking mechanism. 

4.2.1.3 Hot Water System. The system is designed to 

accept up to three users simultaneously. A schematic drawing of 

the system is given in Figure 4.3. The immersion unit heats, stirs 

and controls the temperature of the 20 liter water tank. The heat- 

ing fluid is circulated by a pump in a separate system through 

the water tank and the sample. This heating fluid is collected in 

an expansion volume and contains a corrosion inhibitor. The water 

tank and the expansion volume are well insulated and enclosed in a 

wooden box on wheels. 

4.2.2 Emission Module 

The emission module replaces the original source module of 
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of the commercial instrument. This new module contains the following 

major optical elements: 

l lens and lens holder 

l drive for polarizer 

l holder for 45' mirror 

l tuning forks with holder 

l blackbody temperature reference 

l collimating mirror (off-axis paraboloid). 

All elements except the collimating mirror contained in 

the source module have been redesigned. The optical concept is 

identical with King's apparatus [2] except for the polarizer driven 

between lens and mirror holder. The whole unit was designed to be 

filled with dry nitrogen instead of air. Two removable panels allow 

easy access to the parts built into the module. 

4.2.2.1 Lens and Lensholder. The system is designed to 

accept any standard microscope objective. Only reflecting micro- 

scope lenses are used because of their large working distances and 

their achromaticity. The objective seating plane (top surface of 

lens holder) is at a distance of 150 mm from the focal point of the 

off axis paraboloid mirror. Experiments showed that the "tube length" 

is not critical. Therefore no translation of the lens in the direction 

of the optical axis is built in the holder. The only possible trsns- 

lations of the stage, to allow the centering of the lens, are in the 

plane perpendicular to the optical axis. 
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4.2.2.2 Rotating Polarizer. The principal change of the 

optical instrumentation centers around the optional substitution of 

the radiation chopper by a rotating polarizer. The ideal location 

of the polarizer would be between the sample and the microscope 

objective because then radiation from extraneous downstream parts is 

not detected. The working distances and the need for a KCR window 

in front of the sample (see 4.2.1) prohibit this version. Hence we 

put the polarizer after the lens. The turning polarizer requires a 

new mechanism to generate the reference signal for the lock-in 

amplifier and a means to adjust the phase between the reference 

signal and the orientation of the polarizer. 

The actual design is shown in Figure 4.4. The polarizer, 

an infrared-transparent TRBr + T%I (KBR-5) disk, coated with bands 

of aluminum 0.4 um apart, is driven by a stepping motor over a 2:l 

timing belt drive. The possible future control of the whole system 

by a computer has led to the use of a stepping motor. The checkered 

wheel, mounted on top of the gear, driven directly by the motor, 

generates together with the lamp/photocell pick-up the reference signal 

for the lock-in amplifier. Shifting the pick-up relative to the polar- 

izer allows the observation of the sample at a different angle. A 

scale engraved on the big gear allows a well defined rotation of the 

polarizer when the motor stands still. A precision miniature timing 

belt links the two gears. The smaller gear is rotating concentric to 

the optical axis and is mounted on the hollow shaft which is supported 

by two ball bearings. The polarizer is carefully mounted in a special 

holder which fits into the steps of the shaft. The holder is secured 

against rotation relative to the shaft by a pin slit arrangement. 
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Figure 4.5 Cross-section of 45" mirror holder. 1) reflective surface 
2) KC2 window, 3) adjustment of yaw, 4) adjustment of tilt 

39 



The emission module had to be a sealed unit. A KC& win- 

dow was therefore inserted into the adapter between the ball bearing 

housing of the polarizer drive and the 45" mirror housing. This loca- 

tion of the window allows a simple seal. At other locations, rotating 

shafts would have to be sealed too. 

4.2.2.3 45" Mirror Holder. The mercury arc source of the 

original commerical instrument was smaller than the emission inlet 

system. TO accommodate the extra room needed, the emitted infrared 

radiation is therefore deflected by 90' at the so-called 45' mirror 

and fed into the original optical path. Two rotational degrees of 

freedom are necessary for the 45" mirror to interface the off-axis 

paraboloid mirror properly with the microscope objective. 

The design is shown in Figure 4.5. The 12 mm diameter 

gold-coated mirror is mounted in a hollow shaft by two cone-shaped 

screws, which allow a rotation of the mirror around a horizontal 

axis. The shaft is supported by two ball bearings pressed into 

the housing of the mirror holder. An O-ring belt drive linking 

the shaft and a special screw, allows the adjustment of the yaw 

with a screwdriver from the outside of the instrument. A piston, 

moved by a transportation thread which is also driven by an O- 

ring belt, slides on the cam soldered at the mirror holder. The 

adjustment of the tilt can also be done with a screwdriver from the 

outside. The arrangement by which the cam is sliding on top of a 

piston allows the orthogonal adjustment of the yaw and the tilt. The 

top end of the housing fits into the adapter between the polarizer and 

the 45" mirror holder. The entire holder is mounted with one screw on 
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the frame hung on the top cover plate of the emission module. An over- 

sized clearance hole allows the proper alignment of the pile consisting 

of the polarizer drive, the adapter and the 45" mirror holder. At the 

exit of the optical path, a Kd window (22 mm diameter, 4 mm thickness) 

or an aperture can be mounted. This option is presently not used. The 

window is also very useful for the initial alignment of the instrument. 

4.2.2.4 Tuning fork with holder. The Golay Cell, a 

differential device, requires a chopped signal. This is done 

between the 45" mirror and the collimator by a commercial tuning 

fork. At this location it is possible to feed a temperature refer- 

ence into the optical path, when the sample beam is blocked. 

The natural frequency of the tuning fork is 13 Hz 

(DuPont interferometer) and 20 Hz (Sunoco interferometer). The 

forks are excited by electromagnets driven by a special electronic 

oscillator. This device also produces the reference signal for the 

lock-in amplifier. At the two ends of the fork, highly reflective 

blades are mounted. They overlap at the minimum position and are 

about 10 mm apart at the maximum position. 

The holder allows a proper alignment of the chopper. 

The sample radiation has to pass in the center between the opened 

blades. The reference beam has to be reflected by the closed blades 

and fed into the system. For this purpose yaw, tilt and the distance 

of the chopper to the 45" mirror holder can be adjusted 
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4.2.2.5 Blackbody Reference Source. When the infrared emission 

of the irregular surfaces is scanned, the principal obstacle to good 

spectral contrast is the large contribution of scattered radiation and 

background radiation from substrates with a high emissivity, which may 

cause a strong graybody radiation. Most of the scatter comes from sur- 

face irregularities. To reduce the relative contribution of the graybody 

radiation one can use, besides a polarizer and/or a small field of view 

microscope objective, a blackbody. For optimum spectral quality the black- 

body temperature has to be matched to the sample temperature as closely 

as possible and the radiant flux has to be adjustable continuously. 

The blackbody reference source (Figure 4.6) consists of (i) a 

cavity which can be heated or cooled, (ii) a continuously adjustable 

radiant flux and (iii) a controllable outer surface temperature. The 

central cavity, a brass cylinder with an axial bore, can be heated by 

two different means. Three 20 Watt miniature cartridge heaters can be 

applied for samples not heated by the hot water system described in 

1.2.1. Quick cooling is achieved by flushing cold water through the 

inner cooling circuit. For samples heated by the hot water, the inner 

cooling circuit can be hooked up to the hot water system. A wedge- 

shaped aperture, remotely controlled, allows the adjustment of the 

radiant flux for a given cavity temperature. 

The outer surface is kept at a constant, preselectable temp- 

erature--even in an enclosure--by the outer cooling system. The coolant 

is provided by a system similar to the hot water system but, instead of 

the temperature controller, a simple ice bath is used. Three thermo- 

couples are installed. Two thermocouples measure the temperature of 

the cavity, the third measures the outer surface temperature. 
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4.2.3 Mirror Drive 

The original mirror drive allowed a minimum mirror move- 

ment of 2.5 pm per step. An optical path difference of 1 pm or a 

mirror displacement of 0.5 pm is required to allow the collection of 

data in the 0 - 5000 cm 
-1 wavenumber range which is selectable by 

optical filters. A timing belt driven gear was therefore inserted 

between the stepping motor and the micrometer screw of the original 

mirror drive. 

The possibility of an essentially backlash- and maintenance- 

free operation of a timing belt-driven gear compared to a two stage 

gear box led to this particular design. Proper belt tension is 

achieved by an eccentric screw which can be set at any position. 

4.3 Modes of Operation 

Three modes of operation are defined for the micro- 

spectrophotometer. The system contains two chopping devices; 

the tuning fork and the rotating polarizer, which have to 

be used alternatively. Mode 1 operation, the standard way of 

running the instrument, uses the tuning fork only. In Mode 2 oper- 

ation, the rotating polarizer chops the infrared emission. Mode 3 

operation uses the tuning forks, but the polarizer is inserted 

and not rotating. Table 4.1 gives an overview of the three modes. 

4.3.1 Mode 1 

Under Mode 1 operation (Fig. 4.7) the polarizer is re- 

moved and the differential signal (I - Ib) corresponds to the 

difference of sample and blackbody radiation, which are alter- 
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Table 4.1. Modes of operation 

MODE 

z I 

2 

3 

CHOPPER 

Tuning Fork 

Turning Pal arizer 

Tuning Fork 

REFERENCE 

Blackbody with Aperture 

Internal 

Blackbody with Aperture 

DIRECTION DETECTION 

Phase to Reference Signal 

Static Polarizer 
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Figure 4.7 Mode 1, operation with chopper and blackbody reference giving 
spectra representing the difference between source planes of 
polarization 
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Figure 4.8 Mode 2, operation with rotating polarizer, giving spectra 
representing the difference between two perpendicualr planes 
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natingly reflected into the interferometer by the chopper tines. 

The lock-in amplifier is referenced to the frequency of the tuning 

forks. 

4.3.2 Mode 2 

Under mode 2 operation (Fig. 4.8) the tuning forks are not 

operational. The polarizer is rotating at constant speed, the angular 

speed being half that of the chopper frequency. The differential 

signal is the difference of intensities between radiation polarized 

parallel and perpendicular to the reference plane. This mode pro- 

vides dichroic spectra. The reference signal is generated by a 

lamp/photocell pick-up above a disk attached to the pulley, which 

is painted with white and black sectors. The reference plane is 

defined by the initial orientation of the polarizer relative to 

the lamp/photocell pickup and the phase setting of the lock-in 

amplifier. Therefore shifting of the pick-up relative to the 

polarizer allows the observation of the sample at different angles 

relative to the reference plane. 

Mode 2 operation provides the maximum sensitivity since 

randomly polarized blackbody or graybody radiation is eliminated. 

It also provides proof of polarization or alignment of the dipolar 

transition moment causing the observed infrared emission bands and, 

conversely , permits determination of the orientation of the molecular 

species of the sample from which these bands originated. Mode 2 

operation is limited to polarized bands, i.e. not to the combination 

frequencies ascribable to a number of transition moments of multi- 

tudinous orientations. Since the Node 2 spectra are dichroic spectra-- 
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representing differences of emission intensities parallel and perpen- 

dicular to the reference plane-- series of spectra are required for 

the interpretation, as will be shown. 

4.3.3 Mode 3 

Mode 3 operation (Fig. 4.9) is the same as Eode 1 

operation except that the polarizer is inserted into the optical 

path but not rotating. The orientation of the polarizer can be 

set at any angle with respect to the reference plane. This allows 

the inspection of a sample at different angles relative to the 

reference plane. If the reference plane, as defined in the descrip- 

tion of mode 2 operation, and the reference plane in mode 3, given 

by the indicator for the angle of rotation mounted near the check- 

ered pulley, coincide, then comparison of Mode 2 and Mode 3 spectra 

is possible. 

Mode 3 operation, i.e. spectroscopy of radiation polar- 

ized in one particular plane and referenced to a standard black- 

body, provides spectra that are more easily interpreted than those 

of Mode 2, but requires at least twice as many experiments for the 

determination of dichroism and is less sensitive. 

4.4 Initial Testing 

Before actual research with the instrument could be done, 

extensive testing was carried out. The spectral accuracy was 

examined by comparing a grating absorption spectrum with an emission 

spectrum. Most importantly, the expected increase in resolution 
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and sensitivity by the introduction of the rotating polarizer, the 

blackbody and the lens with the larger numerical aperture had to 

be verified. 

4.4.1 Comparison of Absorption and Emission Spectra 

Figure 4.10 shows a comparison of a grating absorption 

spectrum of a 2.5 vrn thick film of polyethylene terephthalate 

with an (Mode 1) emission spectrum of the same film pressed 

against the aluminum holder at 35°C. The correspondences in 

frequency are very good but the relative intensities vary. These 

variations could be partly due to different spectral resolutions-- 

although the effective slit widths were similar--and partly to 

polarization (no radiation is emitted along the axis of the dipole 

transition moment corresponding to a particular infrared band). 

4.4.2 Lens with Larger Numerical Aperture 

Substitution of a 36X reflecting microscope objective for 

a 15X objective changes the numerical aperture from 0.28 to 0.50 

or the acceptance half-angle from 15 to 30" degrees. Because of 

the Cassegrainian construction of these objectives, the overall 

intensity should increase for the higher numerical aperture (N.A.) 

as the proportion of obstructed central area decreases from 17.5% 

to 12.5%. This should be the only effect of the N.A. change, since 

a decrease of field of view almost exactly compensates for the 

increase of N.A. Furthermore, the spectral contrast (baseline 

emission bandstrength to background ratio) should increase because 

of the increased optical thickness of the layer along the average 
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line of sight. Figure 4.11, showing spectra of a layer of a poly- 

phenyl ether liquid on aluminum at 35'C, would seem to be consistent 

with these assertions. No differences of band intensity enhance- 

ments are shown for different bands because the layer was too thick 

to observe interactions between infrared radiation reflected by the 

substrate and molecular dipole radiations (e.g. standing wave inter- 

actions). 

4.4.3 Effect of Blackbody Reference 

For optimum spectral quality in Mode 1 operation the 

blackbody should be matched to the sample temperature and flux as 

closely as possible. This effect was demonstrated with the same 

sample of polyphenyl ether adsorbed on aluminum at 35'C, which was 

used to show the effect of the numerical aperture of the lens 

(Fig. 4.11). Figure 4.12 shows the spectra with and without the 

use of the blackbody. The need for the blackbody is obvious. 

4.4.4 Mode 2 Operation 

Polyethylene terephthalate, an oriented material, was used 

for verifying Mode 2 operation. Figure 4.13 shows several super- 

imposed spectra recorded with different phase angles. The spectral 

constrast of Mode 2 is greatly improved compared to the Mode 1 

data. Small bands that are not visible under Mode 1 condition will 

be resolved in Mode 2 even in the neighborhood of strong bands as shown 

in Figure 4.13 for the 1120 cm -1 region. Slight imperfections in the 

alignment of major bands are due to the fact that a spectrum is the 

superposition of bands and therefore the maxima of the bands are not 
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necessarily shown at their true frequencies. The sequences of the 

maximum relative intensity at all major bands for different phase 

angles are not identical, meaning that bands are oriented differ- 

ently. 

The maximum usable phase angle difference in Mode 2 opera- 

tion, without changing the phase angle of the reference signal is 

limited. The signal received by the amplifier, i.e. the difference 

between the radiation parallel and perpendicular relative to the 

reference plane, will vanish if both directions radiate with the 

same intensity. Consequently, randomly oriented material cannot be 

analyzed in Mode 2. It is also possible that emission bands are 

displayed as absorption bands in Mode 2 operation, even with a 

perfectly isothermal sample. This effect is also due to the 

referencing procedure, and will occur if a strong band is oriented 

perpendicular to the plane of observation. 

4.4.5 Mode 3 Operation 

Polyethylene terephthalate was also used to verify Mode 3 

Figure 4.14 shows the Mode 3 spectra, where the phase was varied 

in 15' steps over the whole period of 180". In Figure 4.15 the 

intensities of three prominent bands are plotted as a function of 

phase angle. The local maxima identify the direction of a parti- 

cular band. For nonoriented material the relative intensity is 

theoretically independent of the phase angle. 

4.5 Other Apparatus Used in This Study 

Although the apparatus used were already described elsewhere, 
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Figure 4.14 Series of polyethylene terephthalate spectra at different 
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an introduction to the sliding ball plate contact [2] and the 

measurement of film thickness and traction [3] is given. 

4.5.1 Simulated Sliding EHD Ball Plate Contact 

A 2 l/4" diameter ball is rotated in a cup, containing 

the test fluid, by an electric motor. Load is applied on the ball 

by a cantilever system. The ball is sliding on a 4 mm diameter and 

2 mm thick diamond window, which allows the collection of infrared 

radiation in the Hertzian area from below the cup. Diamond was 

chosen for its 
-1 high transparency at frequencies below 1800 cm , 

its extreme hardness and its thermal conductivity. During operation 

the oil is heated rapidly by viscous friction. Cooling coils within 

the cup keep the system at constant temperature. 

The temperature at the diamond window can be monitored 

by a thermocouple whose junction is attached to that window and 

buried in the mounting cement. Another thermocouple has its 

junction in a stagnant location of the cup to measure the average 

fluid temperature (TB). The "diamond temperature" (TD) measured 

with the thermocouple is very much lower than the true fluid temp- 

erature in the contact. Although the thermocouple is influenced 

by the surroundings, it is nevertheless a useful comparative 

measure. 

4.5.2 Traction and Film Thickness Measurements 

Traction and film thickness measurements relating to our 

sliding contact were obtained with the apparatus built by F. Choi 

131 (Figure 4.16). It is similar to those described by Cameron, 
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Winer and other authors. It consists of a rotating ball form- 

ing a sliding contact with a sapphire window on its upper 

surface, thus also allowing for convenient EHD film thickness 

measurements by microscopic observation of Newton rings. In 

our particular design, the sapphire window is 5 cm in diameter and 

12 mm thick, both to allow easy access to the microscope objective 

and for heavily loaded contacts. The plate holding the window 

slides easily on linear bearings whose friction are insignificant 

compared to that of the EHD contact. The friction at the contact is 

determined with a strain gauge on the connection between the window 

plate and the loading platform. 

4.6 Materials 

The bearing balls were of 2.25" diameter and made of 

440 C stainless steel. Some of them were coated with titanium- 

nitride (TiN) by chemical vapor deposition (CVD method) to a 
* 

uniform thickness of about 4 Urn by LSRH [41. The smoothness 

of the ball surfaces was about 0.01 Urn (mean asperities height). 

Since the lubricant film thickness in the EHD contact under the 

heaviest load and at the smallest shear rate was at least 0.5 vrn as 

shown later, direct asperity interaction was not anticipated to play 

a role. 

All the experimental work concerning the simulated 

ball plate contact was carried out with polyphenyl ether. Poly- 

Laboratoire Suisse de Recherches Horlogeres, Neuchatel, Switzerland 
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phenyl ether, being solely aromatic and ether, provides excellent 

infrared spectra and is a rather pure chemical. It is still a 

mixture of many isomers, but many of the spectral bands can be 

assigned to the same transition moments. There are relatively 

few bands, many of them representing fundamental normal modes of 

vibration. 

The additive used in many of the experiments was 1,1,2- 

trichloroethane separated from commercial trichloroethane by simple 

fractional distillation. Its infrared absorption spectrum showed 

no extraneous features. It has no strong bands of its own in 

the spectral region (630 - 123oCm -1) of this investigation. Hence 

the spectra shown are not altered by its presence or absence, 

merely as a consequence of mixture. Its strong bands, strong 

enough to allow detection in concentrations of 1 percent or less, 

-1 are below 600 cm . 
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PART 5 

RESULTS 

5.1 Lubricants in an EHD Contact 

5.1.1 Temperature Measurements 

Table 5.1 lists the pertinent temperature measurements in the 

EHD contact under operating conditions when the system had been equili- 

brated. Two speed and load conditions are listed for both the TiN-coated 

and the uncoated balls for both neat and diluted (1% by volume of 1,1,2- 

trichloroethane, TCE) polyphenyl ether (5P4E). The following observa- 

tions were noted: 

For 5P4E without TCE, TD is higher for the uncoated ball than 

for the TiN coated ball; the opposite is true for 5P4E with TCE. TH is 

always lower for the uncoated ball than for the coated ball. 

The temperature relations can be shown better when the increases 

(AT = TD - TR) are compared in Table 5.2. All the AT'S are higher for 

the uncoated ball than for the coated ball, but the differences made by 

the coating become smaller in the presence of TCE. With the uncoated 

ball, the presence of TCE causes a relatively large decrease of AT; the 

corresponding decrease with the coated ball is much smaller. 

It should be pointed out that equilibrium conditions in the 

reservoir partly reflect the heat conducted away at the boundary surfaces 

of the EHD contact. The cooling coil around the contact in the cup re- 

moved the same amount of heat in every experiment since water from a 

large thermostated reservoir was pumped through. The bulk temperature 

TR is especially sensitive to the overall thermal losses in the cup. 
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Table 5.1 EHD contact temperatures 

SPEED 

[ I ms-I 

.6 

.6 

1.2 

I.2 

HE RTZIAN 

PRESSURE 

1 1 GPa 

.6 

1.2 

.6 

1.2 

44OC -BALL 

NO ADD. I% TCE NO ADD. I% TCE 

Td’ 

53.1 26.8 

63.4 27.2 

56.1 25.6 

70.8 28.7 

TB” 

” TD: DIAMOND TEMPERATURE IN [ I OC 

, 

TD 

45.1 

54.9 

51 .2 

61 .6 

TB TD TB TD TB 

22.0 50.0 28.0 47.5 25.0 

23.5 58.5 29.3 54.9 26.2 

23.8 54.9 29.3 52.4 28.6 

25.6 65.2 31. I 61 .9 28.7 

TiN-BALL 

,,g: BULK TEMPERATURE IN [“C] 



Table 5.2 Temperature increases produced in the sliding EHD contact 

440 C-BALL TiN-BALL 

SPEED 
HERTZIAN 

NO ADD. I% TCE NO ADD. 
PRESSURE 

[m s-11 [GPa] *T” AT AT 

.6 .6 26.3 23. I 22.0 22.5 

.6 I.2 36.2 31.4 29.2 28.7 

1.2 .6 30.5 27.4 25.6 23.8 

1.2 1.2 42. I 36.0 34. I 33.2 

I% TCE 

A-l- 

“AT: DIFFERENCE BETWEEN DIAMOND AND BULK TEMPERATURE IN c”c] 



All the heat generated in the cup is generated in the lubricant sheared 

in the contact region and essentially all the heat losses are by con- 

duction at the contact boundaries. It should be pointed out that the 

temperature measurements were simultaneous with and in the same appar- 

atus as the spectroscopic measurements. 

5.1.2 Traction and Film Thickness Measurements 

The traction measurements were carried out under the same 

conditions as the spectroscopic and temperature measurements, but in 

the apparatus built specifically for this purpose. As a result, some 

difference must be expected for these reasons: (a) Instead of a dia- 

mond window constituting the plate of the ball/plate sliding contact, 

a sapphire window was used and (b) the ball/plate geometry was inverted 

with the ball below the plate in the traction apparatus. The main reason 

for these design differences was the space required for the microscope 

used in determining the lubricant film thickness optically; it is easier 

to look from the top down on a microscope than from the bottom up. 

These differences should be only relative, however. The 

trends should be the same for the two setups. If we look at the traction 

results obtained for the intermediate load (Figure 5.1), the most out- 

standing difference is the high traction--ultimately leading to scuf- 

fing failure--for the stainless steel ball without the additive. The 

additive reduced the traction considerably in this case; scuffing still 

occurred, but atlower sliding speed. On the other hand, no scuffing ever 

occurred with the balls coated with titanium nitride. Here the influence 

of the chloride addition was very small, somewhat reducing traction at 
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Figure 5.2 Hertzian contact separations obtained for a polycyclohexyl 
(traction) fluid with and without trichloroethane (TCE) 
additive at different average Hertzian pressures as a 
function of sliding speed. 
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low speed, but increasing it at high speed. The film thickness of poly- 

cyclohexyl (traction) fluid with and without TCE instead of polyphenyl 

ether was measured because of experimental limitations. The straight 

lines drawn in Figure 5.2 are the best curves fitting the data. The 

film thickness is smaller for the fluid with TCE than without for all 

loads at a given speed. Stability problems prohibited the data acquis- 

ition or lower speeds. 

5.1.3 Infrared Spectra 

Figure 5.3 shows a Mode 1 spectrum from a layer of stationary 

polyphenyl ether in the spectral region of interest. This spectrum is 

included here for reference. The relative intensities of the emission 

bands depend on temperature, pressure and polarization, so that they can 

be quite different for the emission spectra from the operating contact, 

but the frequencies (in cm -1 or wavenumber) should be essentially equal. 

A very important factor in infrared emission spectroscopy is 

the constancy of temperature throughout the sample layer. A temperature 

gradient through the layer can cause reabsorption of some of the radia- 

tion emitted in warmer sublayers by colder sublayers and thus cause 

partial or total inversion of emission bands. In other words, emission 

bands can appear as absorption bands in an emission spectrum. 

In Figure 5.4 unpolarized (Mode 1) spectra obtained under high 

speed/low load conditions from the contact are shown for the two differ- 

ent ball surfaces and the neat and TCE containing lubricant. The major 

emission bands at 870, 1110, and 1180 cm -1 stand out. The two bands 
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Figure 5.3 Static conditions infrared emission spectrum of polyphenyl 
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Figure 5.4 Comparison of Mode 1, i.e. unpolarized, emission spectra 
from an operating sliding E'HD contact. 
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decrease in intensity in the order: steel/5P4E, coated steel/5P4E + 

TCE, coated steel/5P4E, and steel/5P4E + TCE. On the other hand, the 

870 cm -1 band, which may experience a slight frequency shift due to 

experimental error, has the following order: coated steel/5P4E + TCE, 

co-ated steel/5P4E, steel/5P4E, and steel/5P4E + TCE. In the last case 

the band is fully inverted, indicating reabsorption. Some bands are 

more temperature-sensitive than others, so that reabsorption of one 

band does not imply reabsorption of all bands. A polarization related 

to molecular orientation can also come into play. 

Comparison of the results for the 1110 and 1180 cm 
-1 bands 

with the entries in Line 3 of Table 5.1 for TD shows excellent corres- 

-1 pondence with the 1110 and 1180 cm band intensities; conditions giv- 

ing rise to the highest and lowest TD's for example, also account for 

the highest and lowest band intensities. It should further be noted 

that these TH's and band intensities refer to the uncoated steel ball 

and 5P4E without and with TCE. The unpolarized spectra corresponding 

to the entries of the other line of Table 5.1 show similar correspon- 

dence. 

Polarized infrared emission spectra (Mode 3) obtained under 

the same load conditions as those of Figure 5.4 for the TiN-coated 

ball are plotted in Figure 5.5 to illustrate: (i) that the presence 

of TCE enhances polarization-- intensity sequences and more definite, 

-1 e.g. in the case of the 1110 cm band--and (ii) that maximum and mini- 

-1 mum intensities for most bands, but most clearly again for the 1110 cm 

band, occur at 0" degree and 90" degree angles of the polarization 

plane with respect to the Hertzian conjunction plane (the Hertzian 
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Figure 5.5 Mode 3 (polarized) spectra from an operating sliding EHD contact for the same 
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conjunction plane is defined as the plane containing the ball plate 

contact line and the center of the bearing ball). 

Since it is often difficult to compare the spectra directly, 

the plots of Figure 5.6 were drawn from the data of Figure 5.7 for the 

-1 1110 cm emission band intensities. Assuming the molecular dipole 

moment change vector corresponding to this band to be about aligned 

with the Hertzian conjunction plane, turning the polarization plane with 

respect to this plane by an angle 4 should change the band intensity 

proportionally to COS"(I with half-period of 90" degrees. Since the 

alignment was not exact, the symmetry of the curves of Figure 7 is not 

perfect. The curves do show the increased amplitudes produced by the 

addition of TCE under all four pressure and speed conditions. Further- 

more, to show the increased polarization even clearer, a quantitative 

measure P--simply the normalized standard deviation of the values plotted 

in Figure 5.6--is tabulated in Table 5.3 for the 1110 -' band. cm Note 

that P is greatest for the highest load and speed and smaller for the 

smallest and that P is always greater when TCE is present than when it 

is absent. The reason for the different order of the intermediate P 

values with and without TCE is not clear. 

That the curves plotted in Figure 5.6 do not parallel a 

cosL$ wave can be deduced from inequality of the intensities for +45" 

and -45" for each of the four curves. Interestingly +45" and -45" 

intensities are more closely the same when TCE was absent than present. 

Mode 2 spectra automatically yield the difference between band intensi- 

ties in polarizationplaneswhose angles with the reference plane differ 

by 90". For example, if a plane at 45" from the Hertzian conjunction 
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Table 5.3 Relative spectral polarization as a function of 
the operating conditions of the EXD contact with 
the TiN-coated ball 

SPEED 

[ 1 ms-’ 

.6 

.6 

I .2 

1.2 

HERTZIAN 

PRESSURE 

c 1 GPa 

.6 

1.2 

.6 

1.2 

POL ARIZATION 
P 

NO ADD. I% TCE 

[3 \ 

-48 .68 

.63 .80 

.41 .84 

.Sl I .oo 

[I \ 
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-1 

infrared 
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1% of trichloroethane as a function of polarizer orienta- 
tion for different speeds and pressures. The data were 
obtained from the Mode 3 spectra with the TiN-coated ball 
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plane, i.e. @ = 45", were the reference plane, then Mode 2 spectra 

would give the differences between the values of the intensities 

shown for +45" and -45' in Figure 5.6. These differences would not 

be zero for the case of TCE present, but close to zero for TCE absent. 

Thus it would seem that TCE not only increases the degree of polariza- 

tion P and thus the molecular alignment in the EHD contact but also the 

direction of the transition moment corresponding to the 1110 cm 
-1 

band as well. In other words, while the projection of this moment in 

the plane of the polarizer would seem to be coincident with the Hertzian 

conjunction plane, $ = 0, for the highest speed and load when TCE is 

absent--for then the relative band intensities at @ = +45 and $ = -45" 

are equal--it is inclined to this plane when TCE is present. 

To pursue this idea further the Mode 2 data of Figure 5.7 

were plotted for the 1180 cm -1 band from spectra obtained with a TiN- 

coated ball under the four operating conditions of 5P4E both without 

and with 1% of TCE by volume. It will be noted that the relative band 

intensities at A@ = -3O", corresponding to Cp = -30" and +60" with the 

conjunction plane are minimal and about equal for all conditions with 

TCE present. This would mean that the projection of the transition 

moment vector giving rise to this infrared band is making an angle 

(I = +15O with the Hertzian conjunction plane. Clearly the direction of 

the transition moment is different when TCE is absent. Due to initial 

problems with the angular calibration of the polarizer, the direct 

comparison of the phase angles indicated in Figures 5.7 and 5.8 is not 

possible. -1 Both show Mode 2 data of the relative intensity at 1180 cm . 

The results of Figure 5.8 were obtained with the steel ball. With TCE 
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present, a reqular pattern for all loads and speeds is shown. Without 

TCE , the "V" type pattern is only recognizable at highest load and 

speed. Both of these bands represent in-plane bending vibrations of 

the aromatic ring of 5P4E; the corresponding transition moments should 

therefore cause radiation to propagate into the interferometer when 

the rings are aligned parallel to the diamond window. None of the 

specific TCE infrared bands are expected to show in the emission spectra 

of this frequency region. 

5.1.4 Measurement of Phase Changes 

Figure 5.9 shows glass transitions for the polycylcohexyl 

(traction) fluid and for a 1 percent solution of TCE in it, which 

were obtained by differential thermal analysis (DTA). The assump- 

tion of a correspondence of temperature decrease with pressure in- 

crease is commonly made. The change in slope of the heat capacity/ 

temperature/plots indicate glass transitions. The absolute values 

of the transitions are less important to us here than the fact that 

the presence of TCE produced a second glass transition, even though 

the solution at room temperature was perfectly clear. Somewhere 

along the line, a phase separation occurred on cooling. When a 

similar solution was pressurized to very high pressure (up to 12 

kbar) in a diamond anvil cell, phase separation (a spider net pattern) 

was observed suddenly under the phase contrast (polarization) micro- 

scope. While these experiments were conducted under low shear--or 

no shear --conditions, there is every reason to believe that the same 

phenomenon would occur under shear and, theoretically, would be 

even more drastic. In other words, it is very likely that the lauric 
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acid and other commonly used boundary additives--help produce a two- 

phase or multi-phase system (liquid/liquid or liquid/solid) under 

Hertzian contact pressures. 

5.2 Aircraft Fuel Line Deposits 

5.2.1 Infrared Spectra of Actual Fuel Lines 

Preliminary measurements were done with actual fuel lines. 

The purpose of this study was to show a sufficient spectral contrast 

for chemical analysis and to prove that the deposits are oriented. 

For these measurements the samples were cut open and pressed 

flat. In most cases the deposit did not flake off. Figures 5.10, 5.11 

and 5.12 illustrate the effect of orientation combined with the power 

of Mode 2. The Mode 2 spectra vary significantly with phase angle 

which, in a general way, corresponds to the direction of the temperature 

gradient responsible for the deposition of the "coke". The Mode 1 spectra 

show the most significant bands. Figures 5.13, 5.14 and 5.15 contain plots 

of the intensities of two of these bands against phase angle, using Mode 2 

data. Clearly the 720 cm -1 band data are displaced with respect to 

the 1020 cm-' data, indicating molecular alignment and different orienta- 

tion of the corresponding transition moments. 

5.2.2 Infrared Spectra of Test Specimens 

In an apparatus specially built and operated by NASA, deposits 

on steel strips, forming part of a simulated fuel line, were obtained. 

Nitrogen contents and the temperature of any fuel passing through the 

thermal stability simulator can be adjusted. The samples shown in 
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Figure 5.12 Emission spectra of an aircraft fuel line deposit (Fuel 3) obtained by Mode 1 and Mode 2 
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-1 
Table 5.1 were analyzed in all three modes between 630 and 1800 cm . 

Figure 5.16 shows the spectrum of the sample with the lightest coating. 

Mode 1 and Mode 3 data were plotted on the same graph, despite the 

different aperture settings. Mode 3 Spectra are helpful, primarily in iden- 

tifying weak spectral features, which are not resolved in the Mode 1 

data. 

Anin-depth analysis of the chemical composition of the deposits 

was not done in this report. The principal method of chemical analysis is 

to evaluate the position and strength of emission bands, as shown in 

Figure 5.16. Charts, as published in [21] allow the identification of 

the deposits. 

5.2.3 Accelerated Oxidation 

Sample #15 (Table 5.4) was produced under nearly the same 

condition as #49 but 1 year earlier. After its spectral analysis, 

sample #49 was subjected to accelerated oxidation by heating to 150°C 

in a stream of air for one hour and then run again. 

Figure 5.17 gives a comparison of the spectra of all the 

samples received with the spectrum of the oxidized sample. Note in 

particular the broad structures peaking near 720, 820, and 880 cm -1 

and the 1010/1035 cm -1 doublet. All these structures seem to contain 

both the original bands of these regions, which are displayed by the 

unoxidized #49 spectrum plus one other band of #50, which was slightly 

displaced toward lower frequencies. Thus the 720 cm -1 structure contains 

both bands of f49 and iI50 doublets (which are similar in this region), but 

with the lower frequency partner (710 cm-') strengthened; the 820 cm -1 

structure has a shoulder at 800 cm -' corresponding the 850 band at 

this position, the 880 cm -1 -1 doublet consists of a band at 880 cm , 
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Table 5.4 Summary of deposits on shims 

# I Weight 1 Date Temperature Run Time 

14 I 6.0pg 71 7/80 475’F 150.0 min 
Lo N 

49 6*g 119 7/21/81 485O F 150.7 min 

50 7.6 PQ T/21/81 4870~ 150.4 min 
I 
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Figure 5.16 Comparison of Mode 1 and Mode 3 spectra of sample #49 
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Figure 5.17 Comparison of Mode 1 spectra of the samples 814, i/49, #50 
with #49 after accelerated oxidation 
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and the 1010/1035 cm-' doublet is made up of the 1010 cm-' band of 

#SO and the 1035 cm-' band of #49, etc. Now the bands grown in 1149 

after oxidation are also the prominent features of #14, the specimen 

allowed to sit in air for more than a year. Therefore, the tentative 

conclusion seems to be that rapid oxidation and sitting in air pro- 

duces similar changes, but the latter produced the greater change. 
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PART 6 

CONCLUSION 

6.1 Lubricants in an EHD Contact 

Reasons for studying the effect of TCE addition were these: 

(i) organic chlorides are frequent contaminants of lubricants and (ii) 

chlorides are highly adsorbed, even chemisorbed, on metal surfaces. Since 

TiN is non-metallic and very inert, TCE addition looked like a good way 

to study the effect of surface adsorption. 

Let us take another look at Table 5.1. According to Hinter- 

man and Boving [4], the thermal conductivity of TiN at 911'K is 0.088 

watt/cm*K and at 1368°K it is 0.183 watt/cm-K. At both of these temp- 

eratures, the value of 440 C is expected to be at least two-to three- 

times higher and it is reasonable to assume that a similar ratio would 

be obtained at our --much lower--experimental temperatures. This would 

explain the higher TB 's when TCE is present: less heat is conducted 

away by the ball surface. 

Higher TB 's would imply effectively lower viscosities, thinner 

EHD films, higher shear rates and therefore higher temperatures TD at 

the diamond window which, in turn, imply higher tractions than those 

obtained with uncoated steel balls. Actually, however, tractions and 

diamond window temperatures TD were lower (Table 5.1 and Figure 5.1) 

with the TiN-coated balls. Indeed, no scuffing occurred with the TiN- 

coated balls. Furthermore, as Figure 5.1 also showed, the effects of 

TCE on traction were much smaller for the TiN-coated balls than for the 

steel balls. While TCE always reducted traction with the steel balls, 

it reduced it slightly at low speed and increased it slightly at high 

speeds with the TiN-coated balls. 
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These results can be explained only by both a bulk and a 

surface effect ascribable to TCE. The model of Figure 6.1 is con- 

sistent with these observations. Additive materials accumulate in 

the inlet region of the Hertzian contact as another phase is formed 

under the positive pressure gradient. The flow lines have been shown 

even to reverse direction at the inlet. The conditions in the inlet 

region determine the film thickness and other properties of the 

following Hertzian contact region. An appreciable number of additive 

"globules" travel through the region in a two-phase flow (bulk effect). 

This model is consistent with Winer's view of traction in terms of 

limiting strength of the lubricant, considered as a glass in the 

Hertzian region. The pressure of the globules weakens this strength, 

especially when the material there has become glassy. The idea is 

similar to the resulting weakening of steel by substantial inclusions 

of undissolved particles. Hence, the friction, or traction, of a 

fluid can be substantially reduced by small amounts of impurities 

or additives and the effect can be independent of the nature of the 

surfaces. The present results comparing the TiN-coated balls with 

the steel balls show definite evidence of a strong surface effect with 

the steel balls for 5P4E with and without TCE. For only by assuming 

the existence of such layer can the higher temperatures generated 

be accounted for, the higher AT'S of Table 5.2, with the uncoated 

steel balls than with the coated balls in spite of the formers' higher 

thermal conductivity: the effective shear rates are higher since the gap 

through which the lubricant is flowing is reduced by the adsorbed layers. 

Without TCE the adsorbed layers are 5P4E itself, with TCE, some of the 
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adsorbed 5P4E is replaced by TCE. This replacement is expected to 

produce a thinner boundary layer and therefore a thicker film of flow- 

ing lubricant and a lower film temperature and traction. The latter 

effect is shown dramatically in Figure 5.1 when the speed at which 

scuffing occurred was reduced by TCE by almost 50%. The somewhat 

higher traction caused by TCE at high speeds for both balls, though 

mostly for the coated ball, would seem to be primarily a bulk effect. 

In our previous work, high traction was associated with 

high temperature rise in the gap and a comparison of the data of 

Table 5.2 with those of Figure 5.1 show that this parallelism is true 

for the present system as well. Clearly the temperature rise, AT, must 

be compared, not the initial temperature TB. Molecular alignment, as 

indicated by the extent of polarization, is inversely related to temper- 

ature rise and traction. Thus, the alignment is greater when the coated 

ball is substituted for the uncoated ball and the diluted 5P4E for the 

undiluted, and these changes also decrease traction. 

There seems to be little doubt that the molecular alignment, 

evidenced by the degree of polarization, is largely caused by the shear 

rate. Thus we are dealing with flow alignment or streaming dichroism. 

Table 5.3 shows the relationship clearly and Figures 5.6 and 5.7 show 

it as well. The difference in the sequence of increasing P with and 

without TCE in Table 5.3 is likely to be the bulk effect or two-phase 

flow in the presence of TCE. Since TCE comes out of solution at high 

pressure causing an effectively higher shear rate, the difference 

occurs at the higher Hertzian pressure. The degree of alignment at 

1.2 ms-l and 0.6 GPa is higher in the presence of TCE than in its 
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absence. The degree of alignment of the 5P4E molecules must be 

determined at the inlet; the more aligned the molecules at the inlet, 

the faster the flow throught the gap. Therefore, our spectrometer, which 

looks only at the gap sees a higher degree of flow alignment with the 

coated balls where the inlet temperatures are higher and therefore the 

viscosities lower. This work is believed to be the first EHD investi- 

gation where only the boundary surface was changed. 

6.2 Aircraft Fuel Line Deposits 

Fuels 1 and 2 (Figures 5.10 and 5.11) were of rather similar 

composition, but Fuel 3 was somewhat more aromatic. The conditions of 

deposit formation were not under our control. Not surprisingly, there- 

fore, the deposit spectra (Mode 1) of the first two fuels resembled 

each other much more than either of them resembled the third deposit 

spectrum. 

Let us consider the first two deposit spectra (Figures 5.10 

and 5.11). The spectrum of Figure 5.10 has much higher contrast than 

that of Figure 5.11. The 780 cm 
-1 band is particular outstanding in 

Figure 5.10; the 745 cm -1 band is missing in Figure 5.10, but present 

in Figure 5.11. Examination of the Mode 2 spectra of Figure 5.10 does 

however, show an intense band at 745 cm -1 for the +30" phase angle. In 

fact, every band present in either spectrum is present in the other, 

though not necessarily in the Mode 1 spectrum or at the same phase angle 

in the Mode 2 spectra. A cursory examination of the two series of Mode 

2 spectra will also show that most of the Fuel 1 spectra have greater 

spectral contrast (sharper bands) in the 630 - 900 cm --I spectral region 
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than in the 1000 - 1230 cm -1 region, while the opposite is true for 

the Fuel 2 spectra. In either case, the sharpest bands are found in 

the + 30" phase spectra, i.e. - spectra in which the polarizer was dis- 

placed 30" from an arbitrary reference direction. It should also be 

recalled that Mode 2 spectral bands can point up or down (like absorp- 

tion bands), since Mode 2 spectra are differences between two spectra. 

The spectra of Fuel 3 are more different, as mentioned 

(Fig. 5.12). For example, the lowest frequency band in the Mode 1 

spectrum is easily recognized as a doublet, and, indeed, the corres- 

ponding -30" phase angle Mode 2 spectrum has a sharp peak at 700 cm -1 

That same Mode 2 spectrum has other outstandingly sharp bands at 780, 

-1 1020, 1100 and 1140 cm . 

The analysis of the aircraft fuel line deposits has shown: 

(i) a definite relationship between fuel composition and deposit com- 

position (ii) orientation of deposits on their support and (iii) detection 

of weak bands by comparing spectral data acquired in different modes. It 

would seem that the band displacements of 850 with respect to #49 are 

newly grown bands, otherwise #49 oxidized would have single and not what 

appears to be clearly doublet bands. What are they due to? They are 

not caused by oxygen linkages, for the frequency region is wrong. 

Furthermore, if chemistry were primarily involved, one or more new 

bands would show rather than a number of bands getting satellites. 

Now it so happens that the outstanding characteristics of the 700 - 

-1 
1200 cm region are usually C-H deformations, fundamentals and over- 

tones, which depend highly on crystallinity. For example, the CH2- 

-1 
rocking fundamental occurs at s720 cm in amorphous polyethylene, but 
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-1 
as a doublet 720/730 cm in crystalline polyethylene. "Crystallinity" 

bands in polymers are at higher frequencies than "amorphous" bands. The 

reason for the cyrstallinity bands can be two polymer chains per unit 

cell, giving rise to interactions, or different effective chainlengths, 

because only the amorphous chaines can "curl" up. 

One can speculate that higher temperatures or reheating a 

deposit in air change part of the deposit from the more crystalline to 

the more amorphous state. Greater adhesion of the deposit to the metal 

surface would be expected as a result. In other words, the changes on 

accelerated oxidation are caused by structural changes in the deposit. 

6.3 Recommendations 

The results of the analysis of aircraft fuel line deposits 

present just the beginning of a new series of experiments. With a set 

of systematically produced steel strips the structural changes should 

be confirmed. 

The chemical analysis of the rather complex deposits is at 

the present very time-consuming. However further steps in data evalua- 

tion by computer can be taken. The spectra as plotted by the computer 

have to be transformed into the same format (bar diagram) as the data 

published in [21] for the identification of the bands. This step is 

not trivial at all since it envolves the recognition of bands by com- 

paring the data of the same sample recorded in different modes. Computer 

graphics methods would allow the fast comparison of any two spectra, the 

identification of the frequency of a particular band and the generation 

of the bar diagram. 
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A recently published book [22] shows how to deconvolute 

absorption spectra. The increase in resolution gained by such a method 

would allow an easier unscrambling of complex spectra. 

Indepth studies of the orientation of material includes 

the calculation of the intensity distribution function by deconvolution 

of relative band intensity as a function of phase angle with the polari- 

izer line shape function. Based on these results molecular orientation 

can be determined. 
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